Abstract
Introduction
6 Spectrometers in nuclear and particle physics have the purpose of identifying the 4-momenta and vertices of 7 particles stemming from high-energy collisions and decays of particles or nuclei. In addition to calorimetric and other 8 particle identification measurements, the 3-momenta and positions of charged particles are measured by tracking 9 them in magnetic fields with the use of position sensitive detectors. Cluster finding procedures can be applied in some 10 detectors to combine the responses of individual electronic channels in order to improve the accuracy of the position 11 measurements. The position measurements will be called hits throughout this paper, regardless of whether they stem 12 from a single detector channel or from a combination of several of them. Pattern recognition algorithms determine 13 which hits contribute to the individual particle tracks. The hits identified at this stage to belong to one track then 14 serve as the input for a fitting procedure, which determines the best estimates for the position and momentum of a 15 particle at any point along its trajectory. A novel framework for this task of track fitting in complex detector systems 16 is presented in this paper. It organizes the task of track fitting, i.e. the interplay between fitting algorithms, detector 17 hits, and particles trajectories, with a minimal amount of interfaces. It is a toolkit which is independent of specific 18 detector setups and magnetic field geometries and hence can be used for many particle physics experiments. Tracking of particles is usually performed with a combination of different species of detectors. They can be cate-20 gorized according to the different geometrical information they deliver: 21 1) detectors which measure the particle passage along one axis in a detector plane, e.g. silicon strip detectors or mul-22 tiwire proportional chambers;
23
2) detectors which measure the two-dimensional penetration point of a particle through a plane, e.g. silicon pixel 24 detectors;
25
3) detectors which measure a drift time relative to a wire position, i.e. a surface of constant drift time around the wire 26 through which the particle passed tangentially, e.g. drift chambers or "straw tubes"; 27 4) detectors which measure three-dimensional space points on particle trajectories, like time projection chambers 28 (TPC).
29
But also higher dimensional hits can occur: 
33
For detectors which do not deliver tracking information in physical detector planes, e.g. those of categories 3 and 34 4, the track fitting software of many experiments resorts to simplifications, which may be justified for a particular passed by the particles. Another common simplification is the treatment of two-dimensional hits (e.g. from silicon 40 pixel detectors) as two independent one-dimensional measurements.
41
In the framework presented here these problems have been overcome to make optimal use of the information from Figure 1 shows this structure. The following sections explain these objects in detail. state vectorˆ x k of a system from a series of noisy measurements, together with the corresponding covariance matrix C k of x k . The state vector contains the track parameters and the index k indicates that the state vector, and its covariance matrix are given at the detector plane of hit k.
Before a recursion step, the state vector x k−1 and covariance matrix C k−1 contain the information of all hits up to index k − 1. In the prediction step the state vector and covariance matrix are extrapolated to the detector plane of hit k by the track following code. The predicted state vector is denoted by˜ x k and the predicted covariance matrix bỹ C k . This covariance matrix is the sum of the propagated track covariance matrix C k−1 (Gaussian error propagation by transformation with the Jacobian matrix of the propagation operation˜ x k = f ( x k−1 )), and a noise matrix which takes into account effects like multiple scattering and energy loss straggling. Then, the algorithm calculates the update for the state vector and the covariance matrix by taking into account the measurement m k :
(1)
with the residual˜
the weight of the residual (or Kalman gain)
and the covariance matrix V k of the measurement m k . I is the unit matrix of corresponding dimensionality. The 
It adds dim( m k ) degrees of freedom to the total χ 2 .
89
After the Kalman steps have been performed on all hits of the track, the track can still be biased due to wrong starting 90 values x 0 . This bias can be reduced by the repeated application of the procedure in the opposite order of hits, using the 91 previous fit result as starting values for the track parameters. Before the fit is repeated, the elements of the covariance 92 matrix have to be multiplied with a large factor (O(1000)) in order not to include the same information in the track 93 several times.
94
As can be seen in Fig. 1 
Track Representations

97
A particle track is described by a set of track parameters and a corresponding covariance matrix, which are defined 98 at a given position along the track. Often, the track parameters are e.g. given at a particular z-position. In the concept 99 presented here, track parameters are always defined in reference planes.
100
In order to use a track model in a track fitter, one needs to be able to extrapolate the track parameters to different The object which represents a position measurement from a detector used in a track fit is called a reconstruction hit.
121
It contains the vector of the raw measurement coordinates and its corresponding covariance matrix. As discussed in 
135
This geometry is shown in Fig. 3 . The wire position and drift time are then measurements of u (the v coordinate could 136 be measured via double-sided readout with charge sharing or time of propagation). In both cases, the orientation of 137 the plane will directly depend on the track parameters. The consequence is that virtual detector planes have to be 138 calculated each time a hit is to be used in a fitting step. The reconstruction hit uses the corresponding extrapolation 139 function of the given track representation to find the point of closest approach as indicated in Fig. 1 .
140
Different kinds of reconstruction hits are accessed via a common interface. When the fitting algorithm obtains the 141 detector plane from a reconstruction hit, it does not know whether it will receive a physical or a virtual detector plane.
142
This distinction is fully handled inside the reconstruction hit.
143
After the detector plane is defined, the reconstruction hit can provide the measurement coordinate vector m k , and the and V k .
151
The projection matrix H k transforms the state vector from the given track parameterization into the coordinate system 152 of the hit. In order to determine this matrix, the concrete coordinate systems of the track representation and the 153 reconstruction hit must be known. Since there will be typically more different types of reconstruction hits than track 154 representations, the projection matrix is determined in the reconstruction hit object. 
166
The reconstruction hit objects are created from the position information acquired in the detectors. The pattern recog-167 nition algorithms, which precede the use of GENFIT, determine which of these detector hits belong to a certain track.
168
They deliver an instance of the class GFTrackCand, which holds a list of indices which identify the hits belonging 169 to the track. A mechanism called GFRecoHitFactory has been implemented to load the reconstruction hits into the
170
GFTrack object. 
Track Representations
172
In order to use a particular track parameterization for track fitting in GENFIT, one needs code which can ex- The fitting algorithms interact with the reconstruction hits via the abstract base class GFAbsRecoHit. The recon-180 struction hits do, however, not inherit directly from this class, but from the intermediate interface class
181
GFRecoHitIfc<Policy>. This is illustrated in Fig. 5 is asked to interact with in this particular fitting step. This type checking is represented by the lower arrow in Fig. 1 .
195
It is the only place in GENFIT where a direct type compatibility of tracks and hits is checked. A maximal modularity 2. A pixel detector is used in combination with a five-dimensional trajectory model for charged particle tracking in magnetic fields. The detector measures the coordinates u and v in the detector plane, and the state vector is
The 2 × 5 projection matrix is then:
All matrices and vectors automatically appear with correct dimensions: m k and˜ r k are 2-vectors, V k is a 2 × 2 223 matrix, the Kalman gain is a 5 × 2 matrix, and χ 2 is a scalar which is calculated from two degrees of freedom
224
( r k is a 2-vector, and
225
If the next hit in the same track only measures one coordinate (e.g. u in the detector plane coordinate system of 226 the next hit) , m k will be scalar, H k will be of dimension 1 × 5, and there will be only one degree of freedom 227 added to the overall χ 2 . value 0. Figure 6 shows the five pull distributions for the track parameters, which fulfill these criteria within the 254 corresponding errors, proving that the non-uniform errors of the hits are taken into account correctly.
255
Another test is carried out with a slightly different detector geometry. Hits from 15 crossed planes of strip detectors in Fig. 7 . If the number of degrees of freedom is taken into account correctly, this distribution is expected to be flat.
260
A χ 2 -test against a uniform distribution results in a χ 2 /n.d.f. = 87.1/99, close to unity, as expected. possibility of the application of GENFIT to pattern recognition tasks seems promising and will be investigated.
272
The generic design of the track representation interface enables the user to use any external track following code
273
with GENFIT. The framework allows simultaneous fits of the same particle track with different track representations. 
287
GENFIT provides an easy-to-use toolkit for track fitting to the community of nuclear and particle physics. It is used 288 in the PANDA computing framework. Applications in other experiments are being considered (e.g. Belle II). : χ 2 -probability distribution for a series of track fits through 15 planes of strip detectors and 15 space points.
